Abstract. The magnetic, thermal and velocity structure of a regular sunspot, observed close to solar disk center is presented. Spectropolarimetric data obtained with the Tenerife Infrared Polarimeter (TIP) in two infrared Fe I lines at 15 648.5 Å and 15 652.8 Å are inverted employing a technique based on response functions to retrieve the atmospheric stratification at every point in the sunspot. In order to improve the results for the umbra, profiles of Zeeman split OH lines blending the Fe I 15 652.8 Å are also consistently fit. Thus we obtain maps of temperature, line-of-sight velocity, magnetic field strength, inclination, and azimuth, as a function of both location within the sunspot and height in the atmosphere. We present these maps for an optical depth range between log τ 5 = 0 and log τ 5 = −1.5, where these lines provide accurate results. We find decreasing magnetic field strength with increasing height all over the sunspot, with a particularly large vertical field gradient of ∼−4 G km −1 in the umbra. We also observe the so called "spine" structures in the penumbra, i.e. extended radial features with a stronger and more vertical magnetic field than the surroundings. Also we found that the magnetic field zenith angle increases with height. From the velocity map it is clear that the Evershed flow avoids the spines and mostly concentrates in the more inclined intervening field. The field inclination at a few locations in the outer penumbra in lower layers goes beyond 90
Introduction
The magnetic field at the solar surface manifests itself most prominently in the form of sunspots. In spite of significant advances in observations of the sunspot magnetic structure (e.g. Degenhardt & Wiehr 1991; Title et al. 1993; Lites et al. 1993; Keppens & Martínez Pillet 1996; Rüedi et al. 1998 Rüedi et al. , 1999 Schlichenmaier & Schmidt 2000; Westendorp Plaza et al. 1997a , 2001a a completely coherent picture still has not emerged (Solanki 2003) . A well established observational description of the vector magnetic field and thermal structure could greatly benefit the sunspot modeling efforts. Considerable advances have come from the application of inversion techniques, where one obtains the atmospheric stratification of various physical parameters by fitting synthetic to observed Stokes profiles. Recent inversion codes utilize the full information given by the spectrally resolved Stokes profiles, to infer the physical state of the atmosphere (Ruiz Cobo & Del Toro Iniesta 1992; Frutiger et al. 2000; Westendorp Plaza et al. 2001a ) and thus allow the three-dimensional structure of the atmosphere to be inferred.
Infrared lines of Fe I at 1.56 µm have proved to be a good tool for probing the magnetic field in various solar features. The Zeeman splitting relative to the line width is approximately three times larger at this wavelength compared to the visible, making these lines more sensitive to weaker fields. Also, compared with visible lines, the contamination due to scattered light is much smaller in the H-band (Kopp & Rabin 1992) . In this paper we use spectropolarimetric measurements in two neighboring Fe I lines (15 648.5 Å, and 15 652.8 Å) in the IR H-band. These lines are formed deeper in the atmosphere (about 110 km above the base of the quiet photosphere, Bruls et al. 1991 ) than most visible lines. A detailed discussion about the usefulness of this set of lines to probe solar magnetic fields can be found in Solanki et al. (1992a) . These lines were earlier used for studies of the thermal-magnetic relationship in sunspots (Livingston 1991 (Livingston , 2002 Kopp & Rabin 1992; , magnetic field in the intranetwork (Lin 1995; Solanki et al. 1996; Lin & Rimmele 1999; Khomenko et al. 2003) and in network regions and plages (Harvey 1977; Sun et al. 1987; Muglach & Solanki 1992; Rüedi et al. 1992a; Bellot Rubio et al. 2001) , to detect the siphon flow across neutral line of an active region , to derive the structure of sunspots and the associated magnetic canopies and to detect sunspot umbral magnetic field strength and velocity oscillations (Bellot Rubio et al. 2000) . Recently this set of lines were used for the observational confirmation that the Evershed flow is directed along the magnetic field lines . For sunspots, studies using these lines have in the past been restricted to a few spatial slices. Also, current inversion techniques provide the vertical structure in the spot. These were not available at the time that earlier studies were carried out.
In this paper, we describe the results obtained from the inversion of a data set recorded in a sunspot in the above mentioned IR lines. In the following section we describe the observational data. In the third section we deal with the data analysis technique, and present the results of some tests of the inversion procedure. In Sect. 4 we present the results of the data inversion. We discuss our results and compare them with earlier findings in Sect. 5.
Observations and data reduction
The observations were made with the Tenerife Infrared Polarimeter (TIP, Collados 1999; Martínez Pillet et al. 1999) in conjunction with the German Vacuum Tower Telescope (VTT). We recorded full Stokes profiles simultaneously of two IR Fe I lines (15 648.5 Å, g = 3 and 15 652.8 Å, g eff = 1.53) across a fairly round sunspot on 27 Sept. 1999, when it was near disk center (µ = 0.92). The observed sunspot belonged to the region NOAA 8706 and had a maximum dimension of around 31 . The whole scan of 172 steps with ∼0.4 step size covered a region of 68 × 37 , which covers the sunspot and some surrounding area. Figure 1 shows the continuum image of the observed sunspot. The spot is fairly round with a slightly irregular umbra. Continuum intensities are obtained from the mean values of Stokes I profiles over a line-free window near Fe I 15 648.5 Å. The white and dark contours in the figure represent the umbral and penumbral boundaries, respectively. The umbral boundary encloses points with I c /I c,QuietSun ≤ 0.78 while the penumbra includes points with 0.78 < I c /I c,QuietSun ≤ 0.9. I c,QuietSun is the average continuum intensity of all the points, where the polarization signal P = [(Q 2 + U 2 + V 2 )/I 2 ] 1/2 < 10 −3 , integrated over the observed spectral range. In Fig. 1 the slit is placed in the vertical direction and the spot is scanned from left to right.
The observations were carried out with a spectral sampling of 29 mÅ, and covered a spectral range of 7 Å. The good and uniform seeing conditions during the observing interval kept the image blurring low. From the average photospheric power spectrum, we estimated the spatial resolution to be in the range of ∼1 −1.2 . The correlation tracker installed at the VTT (Ballesteros et al. 1996) was used to stabilize the image, which allowed a smooth scanning throughout the observing run.
The TIP instrument uses Ferro-electric liquid crystal (FLC) retarders as polarization analyzer. A calcite beam displacer is used to divide the orthogonal polarizations, which are then imaged on a single detector array. The detector is a 256 × 256 liquid nitrogen cooled NICMOS-3 infrared array which is sensitive from 1 µm-2.5 µm and has a quantum efficiency better than 40% in the whole spectral range (Collados et al. 1997) . A linear combination of four measurements are made to produce the Stokes I, Q, U and V profiles (Bellot Rubio et al. 2000) . The integration time for each accumulation and the number of accumulations can be set in accordance with the desired signal-to-noise (S/N) ratio. We use 50 msec integration time and 10 accumulations for each image, which takes ∼5 s, so that the whole scan requires ∼15 min. This enables us to obtain a noise level <10 −3 in units of continuum intensity, which implies a typical S/N of 350-400 for the I/I c profiles, and 200-250 for the Q/I c , U/I c , and V/I c profiles in the sunspot. The flat-field, calibration and dark current measurements were performed before and after the scan, and the measurements were corrected for each of the above effects. The calibration optics allow us to remove most of the cross talk between the Stokes profiles. The residual cross-talk from I to Q, U, V is derived from the continuum level of the respective Stokes profiles, while the correction for V to Q, U and Q, U to V are obtained from linear regressions between the small-amplitude linear and large-amplitude circular profiles (Collados 2003) . Figure 2 shows reduced Stokes I profiles for a quiet Sun (solid line) and an umbral point (dashed line). Along with the two candidate Fe I lines at 15 648.5 Å and 15 652.8 Å, molecular and telluric blends associated with these lines are also visible in the plot. The line parameters of the two Fe I lines are given by Solanki et al. (1992a) . The Fe I line at 15 648.5 Å has a Landé factor g of 3 and is almost three times more Zeeman sensitive than the g = 3 Fe I line at 5250.2 Å. This IR line is completely split for field strengths greater than 500 G. Another Fe I line at 15 647.3 Å is also visible in the figure. We have not included this line in our inversions, but in future applications it may be worthwhile considering it because it blends the Fe I line at 15 648.5 Å and could also provide some additional information.
Telluric and molecular blends associated with the above lines (evident in Fig. 2 ) introduce inaccuracies in the inversions if left unattended. We have removed the telluric blend from the Fe I 15 648.5 Å line by fitting the averaged quiet Sun profile, with a computed profile. The fitted profile is used to recover the blend which is subsequently removed from the other intensity profiles. Two lines of the (3,1) band of the OH molecule (at 15 651.895 Å and 15 653.478 Å), which are very prominent in the sunspot umbra, are blended with Fe I 15 652.8 Å. These lines belong to Meinel system and are excited within the ground electronic state between upper and lower vibrational levels 3 and 1 and rotational levels 5.5 and 6.5. The two lines represent a Λ-type doublet arising due to the transition in the P 1 rotational branch (see details about infrared OH lines in Berdyugina & Solanki 2001) .
Inversion technique and tests
The data were inverted using the code "SPINOR" described by Frutiger et al. (2000) . This code incorporates the "STOPRO" routines (Solanki 1987) , which compute synthetic Stokes profiles of one or more lines upon input of their atomic data and one or more model solar atmospheres. LTE (Local Thermodynamic Equilibrium) conditions are assumed and the Unno-Rachkovsky radiative transfer equations (RTE) are solved. Starting with an initial guess model, the synthetic profiles were iteratively fitted to observed data using response functions (RFs) and the Levenberg-Marquardt (Press et al. 1992) algorithm to minimize the merit function χ 2 (Ruiz Cobo & Del Toro Iniesta 1992; Frutiger 2000) . Response functions (RFs) are used for an efficient computation of derivatives of the merit function with respect to the free parameters (Landi Degl'Innocenti & Landolfi 1982; Ruiz Cobo & Del Toro Iniesta 1992) . The RFs considerably accelerate the iterative scheme, since the χ 2 derivatives can be obtained with a single integration of the RTE. Response functions also provide a measure of how strongly a part of a line profile is sensitive to a given physical parameter at different heights in the atmosphere.
In Figs. 3 to 5 we plot the RFs of the Stokes profiles to various atmospheric parameters. RFs represent the modification of the Stokes profiles resulting from a unit perturbation of the chosen physical parameters at the chosen optical depth. The RFs are calculated for the Stokes profiles synthesized from a typical umbral atmosphere. The atmosphere used for the synthesis is shown in Fig. 7 (top four frames), and is retrieved from the observed umbral profiles plotted in Fig. 6 (top set of frames). The presence of magnetic field and velocity gradients in the model atmosphere underlying these calculations can be seen from the plotted response functions (note, e.g., the shift with log τ of the wavelength of the OH lines). Figure 3 exhibits the sensitivity of the Stokes I and V parameters to the variations in magnetic field strength at different optical depths. For this umbral profile, the highest response for both the Fe I lines lies around logarithmic optical depth log τ 5 = −0.5. At higher layers, above log τ 5 = −1.5 the response of Stokes I and V to the variation in field strength is negligibly small. We also included the OH lines blended with Fe I 15 652.8 Å while computing the RFs. The low formation temperature of the OH-molecules makes these lines more sensitive to higher and cooler atmospheric layers. Figure 4 shows the response of Stokes I and V profiles to the change in line-of-sight velocity. It is noticeable that the sensitivity of the OH lines to the variation in velocity is much higher than that of the nearby Fe I line. This is due to the fairly large depth of the OH-lines in the umbra. The height range over which the lines are sensitive to velocity is about the same as for B (and even higher if the OH lines are employed). In Fig. 5 we plot the RFs of Stokes Q and V to the variation in the field inclination. A comparison of the three figures shows that each atmospheric parameter produces its own distinct pattern, allowing them to be distinguished from each other (cf. Ruiz . In general, much of the contribution to the RFs of various Stokes parameters to different atmospheric parameters results from a relatively narrow optical depth range, which spans deeper layers than typical lines in the visible are sensitive to (log τ 5 = 0 to log τ 5 = −1.5).
In our inversions the Stokes profiles were calculated in LTE through a two-component model atmosphere: in every pixel two atmospheric components are allowed for, one magnetic (with a filling factor α) and one field-free (with filling factor 1 − α), α is a free parameter in the inversions. The field-free component describes the non-magnetic stray light contamination in the spectrum and the filling factor α is a measure of the stray light contamination in the profiles.
We are aware that at least in the penumbra this approach represents a considerable simplification, given that the magnetic and thermal structure is extremely inhomogeneous (e.g. Degenhardt & Wiehr 1991; Schmidt et al. 1992; Title et al. 1993; Solanki & Montavon 1993; Martínez Pillet 2000; Del Toro Iniesta et al. 2001; Schlichenmaier & Collados 2002) . Recently Bellot presented the inversion results of a similar data set. The models used for his analysis include atmospheres with one and two magnetic components. From the analysis he concludes that increasing the complexity of the model allows the properties of the unresolved structure of the sunspot penumbra to be deduced. However, the general configuration of the vector magnetic field and the flow field can be investigated with the help of a simple one-component model, which forms the first step of a more detailed investigation involving concrete models of penumbral fine structure. There is a rich literature on the magnetic structure of sunspots deduced in this manner (see Solanki 2003 for a review). Thus the present investigation is an IR counterpart to earlier studies based on data obtained in the visible spectral range (e.g. Westendorp Plaza et al. 2001a Plaza et al. , 2001b .
We cautious that, vertical gradients may not be reliably determined when discontinuities along the line-of-sight exist (as have been proposed by, e.g. Solanki & Montavon 1993; Martínez Pillet 2001) . Thus it is the general behavior of the atmospheric parameters which is well determined, not the exact numbers returned by the inversion code. Also, the azimuthal fluctuations of the atmospheric parameters indicated by simple one component inversions might be an artifact of the model in the presence of azimuthal variations of the fraction of the lineof-sight and/or resolution element filled by horizontal penumbral tubes (Martínez Pillet 1997; .
The free parameters in the inversion are temperature (T ), magnetic field strength (B), field inclination in the line-of-sight reference frame (γ), field azimuth (χ), line-of-sight velocity (v LOS ), micro-(ξ mic ) and macro-turbulent (ξ mac ) velocities. The free parameters are specified at 6 nodes 1 at fixed logarithmic optical depth for the magnetic component, except for temperature, micro-, and macro-turbulent velocities. The microand macro-turbulent velocities are assumed to be constant with depth. The temperature stratification is taken from the Kurucz (1992) radiative equilibrium model for an effective temperature T eff = 5000 K, but is shifted to a reference temperature specified for log τ = 0, where τ is continuum optical depth at 5000 Å. We opted to restrict the freedom of choice of temperature stratification in view of the limited temperature sensitivity and relatively small height range of formation of these lines. For the non-magnetic component we use the Kurucz quiet Sun model. Shift of the temperature stratification of the fieldfree component representing the stray light is also taken as a free parameter.
Also, we opted for a simplified inversion of the umbral profiles, where we specify the initial guess value for the field strength only at a single node (log τ 5 = 0) and introduce a height independent vertical gradient (dB/dz).
The inversion procedure modifies the atmosphere iteratively until the difference between the synthetic profiles calculated with the new atmosphere and the observed ones is minimized. Figure 6 shows typical fits for three spatial points, one in the umbra and two in the penumbra. Of the later, one is at the neutral line on the limb-side, while the other is in the center-side penumbra, roughly at the same distance from the umbral boundary. Note that the irregular, multi-lobed shape of the Stokes V profile at the neutral line is reasonably reproduced in spite of the simplicity of the underlying model. Figure 7 displays the atmospheric stratifications retrieved from the inversions of these profiles. The error bars represent the formal standard errors at different nodes. For the two points in the penumbra the retrieved parameters are similar (with the exception of the absolute value of the inclination to the LOS and the LOS velocity, which need to be different of course), even though the corresponding Stokes profiles look very different. This agreement gives us some confidence that the retrieved parameters are reliable. More tests are described below.
The molecular OH lines blended with Fe I 15 652.8 Å are also inverted, which improves the reliability of the deduced atmospheric parameters, in particular in the umbra where these blends are strong (Berdyugina 2002) . Figure 8 (top four frames) shows the fits for the same umbral point plotted in Fig. 6 without including the molecular lines in the inversion. In the bottom four frames in Fig. 8 , we compare the retrieved atmospheres with (solid lines) and without (dotted) including the molecular lines in the inversions. Evidently, the retrieved parameters depend strongly on whether we include the OH lines in the inversions. Thus the magnetic field and velocity gradients are significantly different in the two cases. The formal errors are also significantly larger if the OH lines are not included. The dashed and dotted-dashed curves in the temperature plot show the retrieved temperatures for the non-magnetic component, with and without molecular lines respectively. Without OH lines the stray light component is cool i.e. cooler than both the quiet Sun and the penumbra, whereas with the inclusion of OH lines the stray light component becomes as hot as the photosphere. The filling factors differ also in the two cases. As a further illustration of the reliability of the inversions and the importance of fitting the OH lines, we display the scatter plot for the temperature retrieved from the inversions (for the log τ 5 = 0 layer) and the continuum intensity in Fig. 9 . Since we invert spectra normalized to the local continuum intensity, the temperature values obtained by the two techniques are completely independent of each other. The filled circles and plus signs represent the retrieved temperature of umbral and penumbral points, respectively. Low scatter in the umbra is particularly attributed to the temperature sensitivity of the OH lines, which are strong there. For comparison we plot the gray circles which denote the temperature retrieved for the same umbral points without fitting the second Fe I line (at 15 652.8 Å) which is blended with OH lines. Not only is the scatter larger, but the Fe I lines on their own tend to systematically underestimate the umbral temperature.
To further evaluate the consistency of the physical parameters of the sunspot atmosphere retrieved by the inversion code from the observed Stokes profiles, we have carried out tests on observed Stokes profiles with different initialization values for various physical parameters in the initial guess model. Figure 10 exhibits the result of one such test for an inner penumbral point. For the tests we have taken 15 random initialization values each for temperature (within 4000 to 7000 K), magnetic field (within 0 to 2500 G), field inclination (within 10 to 90 degrees) and line-of-sight velocity (within the range −2 to 2 km s −1 ). The shaded region shows the standard deviation of the parameters retrieved using various initializations and the error bars represent the average formal errors in these parameters returned independently by the code. The standard deviations of the retrieved parameters are smaller than the average formal errors, at least for the optical depth range between log τ 5 = 0 and log τ 5 = −1.5. This range agrees well with the expected range over which these lines are sensitive to atmospheric parameters (Figs. 3-5 ). In the following sections, we therefore discuss the results obtained only for this depth range where the inversion results are reasonably reliable.
Inversion results
In this section we present the inversion results for a part of the observed area which includes the sunspot and its immediate surroundings (32 Mm × 28 Mm). We convert the retrieved parameters from the line-of-sight (LOS) frame to the local solar frame using the method described in Hagyard (1987) , cf. Venkatakrishnan et al. (1988) . By doing so we obtained vertical (B z ) and radial (B r ) components of the magnetic field and also the corrected azimuth (ψ) and field inclination, with respect to the solar surface normal, denoted hereafter as the zenith angle, ζ. We have not applied any correction to the derived line-of-sight velocities. Since the wavelength calibration is carried out using the quiet Sun profiles, all the line-of-sight velocities are retrieved by the inversions with respect to the quiet Sun photosphere.
We specifically concentrate on the layers ranging from logarithmic depths (log τ 5 ) 0 to −1.5. This is found to be the most reliable range, where the lines have considerable response to the change in physical parameters (see Sect. 3) and the errors in our inversion results are small. The results are presented as three slices by averaging from log τ 5 = 0 to −0.5, from −0.5 to −1 and from −1 to −1.5. The averaging reduces some fluctuations in vertical gradients of some physical quantities. Since we are more interested in the general behavior of such gradients rather than their exact values (a more sophisticated model is required for that) this approach appeared to be reasonable. Only the pixels with a magnetic filling factor (α) larger than 0.05 are plotted. Figure 11 shows the results for the field strength (B), the vertical (B z ), and the radial (B r ) components of the field, for the three vertically stacked τ slices described above. In Fig. 12 we display the maps for the field zenith angle (ζ), field azimuth (ψ), and the line-of-sight velocity (v LOS ) for the same layers. The continuum intensity contours marking the umbral and penumbral sunspot boundaries are over-plotted on the figures. The arrow points towards solar disk center.
Maps of physical parameters
The irregular outline of the umbra in the continuum image is to a certain extent reflected in the field strength map. In lower layers, the strongest fields concentrate in locations closer to the center of the umbra. Another, somewhat less strong field concentration is found in a small area near the umbral boundary (at around 20 Mm in the horizontal and 16 Mm in the vertical direction), where the umbra slightly protrudes into the penumbra. The maximum field strength found in this spot is around 2800 G near the center of the umbra, which coincides with the darkest region in the umbra. The field strength smoothly decreases in almost all directions from this point, in particular in the deeper layers (an exception is the direction in which the secondary maximum of the field strength is located), and reaches a value of around 1400-1500 G near the penumbral boundary in the deepest layer. The field decreases as we move to the upper layers. We found an average vertical gradient of around −4 G/km in the umbra and a slightly higher value in the penumbra. In the coolest part of the umbra, however, the vertical B-gradient turns out to be considerably smaller, being less than −1 G/km. Also, in much of the penumbra the large vertical gradient is restricted to the deeper layers.
The umbral field is found to show little horizontal structure beyond the two maxima. In the penumbra, diffuse radial structures with a larger field strength are evident. Such spines of enhanced field strength are mainly visible in the lower and intermediate layers, being relatively washed out in the higher layers.
The maximum vertical field B z coincides with the location of maximum field strength and has almost the same strength, indicating that the strongest field also coincides with the most vertical field. The B z component decreases outward more rapidly than B. For both quantities the drop with height is more rapid in the penumbra than in the central umbra. The "spine" structures are more evident in the B z maps (some of these structures are marked with arrows in the zenith angle map in Fig. 13b ). At least in the lower layers some of these structures are traceable until the penumbral boundary.
We found that B z drops below zero at a few locations along the penumbral boundary in the lower layers, corresponding to locations where ζ is greater than 90
• and the field points back to the Sun again. Interestingly, such points are not seen in the middle and higher layers. This is very similar to the results of Westendorp Plaza et al. (1997b) .
B r increases radially outward from the center of the umbra until it reaches a maximum value in the central penumbra. From there it decreases again outward only very gently. The spine structure is less clearly visible in B r , with indications that B r is weaker at the locations where B z is strong. In the higher layers B r decreases considerably and the location of the maximum shifts inwards, in the direction of the umbralpenumbral boundary. Figure 12 shows maps of the zenith angle of the field (ζ), the corrected azimuth (ψ) and the line-of-sight velocity (v LOS ) at different layers. As expected, the inclination is near zero in the umbral core and increases outwards, although in the higher layers the inversion returns relatively similar ζ values throughout the outer penumbra. ζ reaches an average value of 70
• -80
• near the outer penumbra. At a few locations in the outer penumbra ζ runs beyond 90
• (corresponding to a negative B z component), although ζ is never larger than 110
• . Hence the field lines returning to the solar surface are nearly horizontal. The inclination of the field lines increases strongly with increasing height, changing by as much as 45
• in the inner penumbra between the layers log τ 5 = 0 and log τ 5 = −1.5, which corresponds to roughly 130 km in height. Such large gradients in ζ were introduced by Sánchez Almeida & Lites (1992) to explain broad-band circular polarization (i.e. Stokes V asymmetry) and probably are an artifact introduced by the simple one component model employed. The spines are most clearly seen in the inclination. They are most prominent in the lowest layer, where they are observed to extend beyond the sunspot boundary. They are characterized by low values of inclination.
The field azimuth (second row of Fig. 12 ) remains almost constant in the radial direction and shows a smooth azimuthal variation. Spine structures are not prominent in any layer of the azimuth maps.
Maps of the line-of-sight velocity (v LOS ) obtained from the inversion are given in the bottom panels of Fig. 12 . Evershed outflow is clearly visible in the penumbra. The maximum v LOS retrieved is ∼± 2.5 km s −1 . It is reached in the lower layers, where the flow is mostly concentrated in the outer penumbra. In the upper layers, the maximum flow speeds are located increasingly closer to the umbral boundary. In general, the v LOS decreases with height.
There is a clear asymmetry between the v LOS in the centerside and limb-side part of the penumbra. In the lowest layers, the v LOS in the limb-side penumbra is found to be larger than in the center-side penumbra. If we assume that the penumbra on both sides of the umbra is identical and that any differences in LOS quantities are due to the different viewing angle, then this result suggests that in the deepest layers we see flow that is pointing slightly downwards (in the outer penumbra). In the higher layers (in the inner and mid penumbra), where the center-side penumbra exhibits the larger v LOS the outflow is pointed slightly upward (on average).
A careful comparison between the v LOS and the ζ maps at the lowest level reveals that the strongest Evershed speeds are mostly located in the space between "spines". Like the Evershed flow itself, this spine structure is found to extend beyond the sunspot's boundary.
Note that the flows plotted in Fig. 12 correspond to motions of magnetized material. The field-free component shows roughly similar flow speeds on both sides of the sunspot corresponding approximately to those found for the quiet Sun profiles. The strongest flow speeds in the v LOS maps coincide with the locations where ζ is greater than 90
• . The errors in the retrieved v LOS in the umbra are much larger than in the penumbra, which could be a reason for the average residual velocity of 0.2-0.3 km s −1 found in the umbra. Since the profile in the quiet Sun granulation are blue-shifted, this relative red shift implies that the umbral gas is probably close to being at rest, in agreement with previous investigations.
Contrary to previous works Lites et al. 1993; Westendorp Plaza et al. 2001a) we do not find any clear evidence of the sunspot canopy in the field strength maps (seen by the above authors as an increasing magnetic field strength with height beyond the visible limit of the penumbra r/R > 1). Although we obtain a similar behavior for a few radial slices it is not significant enough to appear in the azimuthal averages (Fig. 15, upper left panel) and on average we still find a decreasing magnetic field with height.
The magnetic filling factor plotted in Fig. 13a exhibits relatively little variation through the sunspot, although the α value in the penumbra is on average lower than the umbra. Considerable structure in α is seen just outside the sunspot's boundary. Clearly, the filling factor decreases most rapidly along the spines.
Azimuthal cut
In order to uncover the correlation between various parameters in the penumbra, we consider an azimuthal cut at 0.8 of the spot radius. Since the penumbra is not perfectly circular, but irregular, the cut delineates a constant r/r s value of 0.8 (where r s is the local sunspot radius) obtained after smoothing the intensity image with a boxcar average having a width of 6 pixels from the outer penumbral boundary (indicated by the dotted contour in Fig. 13b ). Figure 14 shows the variation of B, v LOS , ζ, ∆ψ, and T along this azimuthal path for the slice covering log τ 5 > −0.5. Here ∆ψ is the difference between the magnetic azimuth and the position angle. The vertical solid and dashed lines pass through the local maxima and minima in |v LOS | and ζ, respectively.
A clear correspondence between lower |v LOS | and more vertical spine structure is seen. Similarly, the field strength often exhibits a peak where ζ is smallest. Some of these points are marked with numbered arrows, such arrows are repeated at the corresponding locations in the zenith angle map shown in Fig. 13b . We found correlation coefficients of 0.7, −0.3 and −0.6 for ζ -|v LOS |, B -|v LOS | and B -ζ, respectively for this azimuthal cut. These correlations substantiate earlier results that the Evershed flow is located mainly in regions with a nearly horizontal field, but its correlation with field strength is weak. No significant correlation is found between T and other parameters. These results are in good agreement with the findings of Lites et al. (1993) 4.3. Azimuthal averages In all the layers we found a smooth transition of field strength at the umbral boundary. The average radial magnetic field gradient dB/dr in the umbra is found to be ∼−0.05 G km −1 in the lower slice, while it increases in the upper layers (∼−0.11 G km −1 and −0.18 G km −1 ). In the penumbra the average radial gradient is ∼−0.12 G km −1 . The average vertical gradient dB/dz obtained for the umbra is around −4 G km −1 . Note that dB/dz is rather small in the darkest part of the spot (only −1 G km −1 ), but increases rapidly towards the penumbra, where it remains uniformly large.
In the upper right panel we plot the azimuthal averages for the B z and B r components. Along the radial direction B z decreases rapidly, with the drop being steeper in the lower layers. The radial dependence of B z mimics that of B except that it drops more rapidly. The B r component steadily increases towards the penumbra. It remains constant beyond r = 0.6r s in the lower layers, where r s is the spot radius, while slightly dropping in the upper layers beyond the umbral-penumbral boundary. The average radial gradient for B z and B r are −0.18 G km −1 and 0.04 G km −1 , respectively. In the lower left frame the radial dependence of ζ and ∆ψ is plotted. The average radial gradient deduced for ζ in the umbra is ∼7 × 10 −3 deg km −1 . The gradient remains similar in the penumbra up to around 0.8 spot radii. The zenith angle increases with height. The azimuthal averages for the relative field azimuth (∆ψ, measured counterclockwise from solar north) are a measure of a global twist of the sunspot's field. ∆ψ shows a small variation of twist along the azimuthal direction (∼−5 degrees to ∼+5 degrees from the umbral boundary towards the penumbral boundary). This variation could be an artefact due to the irregular shape of the umbra. In general there is no indication of a significant twist of the sunspot's magnetic field.
The asymmetries in flow velocities described in the earlier section, between the center-side and limb-side penumbra is clear in the LOS velocity plot (lower right frame). The rms fluctuation in the velocity is plotted only for the lower slice. Note that due to the averaging over azimuth the flow speeds plotted in Fig. 15 are considerably lower than the measured peak values. Assuming a radially directed flow, which is a good approximation due to the small ∆ψ, we obtain a factor of ∼1.6 between peak measured and averaged value, which comes close to the actual value. The true flow speeds are in turn expected to be a factor of 1/ sin θ larger, so that the azimuthal averages needs to be multiplied by a total factor of 2.5 × 1.6 = 4 to get the true Evershed flow speed. Thus, the measured values indicate peak speeds of the horizontal flow of up to 6 km s −1 .
In Fig. 16 we plot the azimuthal averages for the continuum intensity (I/I QuietSun ) and the scattered light parameter (1 − α). The continuum intensity increases smoothly outwards form the umbra and shows the largest gradient near the umbralpenumbral boundary, at around 0.4r/r s . The average scattered light parameter is around 0.06 (94% filling factor for the magnetic component) in the center of the umbra, and increases to ∼0.5 near the outer penumbra. A local maximum in this parameter is noticed near the umbral-penumbral boundary, where the gradient in continuum intensity is large. It, like the rapid increase toward the sunspot boundary, could be due to spatial scattered light. (1 − α) provides an upper limit on the amount of field-free material in the sunspot. In particular in the umbra this limit is relatively tight, around 6% in the central umbra. Such a limit in the deep layers sampled by the 1.5 µm lines is an important constraint on models of umbral dots and umbral energy transport (Parker 1979; Choudhuri 1986; Degenhardt & Lites 1993a,b) .
Average models for umbra and penumbra
In Fig. 17 we present average model atmospheres for umbra and penumbra, respectively. Plotted are stratifications of various atmospheric parameters for the optical depth range from log τ 5 = 0 to log τ 5 = −1.8. We differentiate between the umbral and penumbral points using continuum intensity levels. The thick solid and dotted lines show the umbral and penumbral averages respectively. The dot-dashed and dashed lines in the velocity plot show the average v LOS for the limb-side and center-side penumbra. The shaded areas represent the rms fluctuations in these parameters. The temperature profiles are of similar shape since they correspond to shifted Kurucz model atmospheres. The average temperature difference between umbra and penumbra is around 750 K, while the penumbra is 200-250 K cooler than the quiet Sun (dotteddashed line in the temperature plot indicates the Kurucz quiet Sun model). Thus we obtain T (τ 5000 = 1) = 5500 K in the umbra and T (τ 5000 = 1) = 6350 K in the penumbra. These values are probably too high due to the presence of stray light from the quiet Sun. The magnetic field variation with optical depth in the umbra is comparable to Collados et al. (1994) "hot" umbral model. The average field inclination varies from 20
• -30
• in the umbra, while in the penumbra it varies from 40 • -70
• . In particular, in the umbra, the vertical gradient of ζ is not significant, while in the penumbra it is. Note that the large change in ζ takes place over the same height range as the large drop in field strength, between 0 > log τ 5 > −1. Over this height range the average velocity amplitude also varies by around a factor of 2 on both the limb-side and center-side of the penumbra. These combined gradients may be artificial and may result from the requirement that a single magnetic component must reproduce the often strongly asymmetric profiles (see Fig. 6 ) caused by the complex "uncombed" magnetic structure of the penumbra. A clear asymmetry in average line-of-sight velocities for the limb-side and center-side penumbra is observed. This asymmetry is seen even better in Fig. 17 than in Fig. 16 . 
Discussion and conclusion
We have inverted a spectropolarimetric map of a relatively symmetric sunspot, observed near solar disc center in Fe I lines around 1.56 µm. As a result of our inversion, we obtain the atmospheric stratification of various physical parameters within the sunspot. In the following we discuss our results and compare them with earlier investigations.
The Fe I lines used in our observations are complementary to more commonly used visible lines (e.g. Fe I 6302 Å) in a number of ways. The IR lines posses a much higher sensitivity to the magnetic field than their counterparts in the visible, allowing a more reliable determination of the magnetic vector. The IR lines are also formed deep in the photosphere, and thus are more sensitive to variations of physical parameters there. On the other hand they are far less sensitive to the upper photosphere and in fact provide reliable information only up to 150-200 km above the τ = 1 level. They are also relatively temperature insensitive (and both lines have nearly the same temperature sensitivity), which has both advantages (less temperature cross-talk to other parameters) and disadvantages (poor temperature diagnostics). The combined temperature insensitivity of these lines and of the continuum intensity at 1.6 µm also means that the atmospheric parameters deduced by these lines sample contributions from cooler and brighter parts of sunspots almost equally. Finally, the Fe I 15 652.8 Å line is blended by OH lines in the umbra. Again this has disadvantages (reduced reliability there) and advantages (good temperature diagnostics, if the blending lines are modeled and fitted).
There exist few published results, where these lines are used for magnetic field measurements in sunspots (e.g. Kopp & Rabin 1992; McPherson et al. 1992; Solanki et al. 1992b ). The results reported by these authors are basically limited to few slices through the sunspot, and only height-independent information has been obtained from them. Thus, since our inversion results provide the atmospheric stratification of the parameters, it is now possible to compare results obtained from IR data with similar findings obtained using visible lines (e.g. Westendorp Plaza et al. 2001a,b; cf. Bellot Rubio 2003) .
The overall structure of the radial dependence of the field strength (Fig. 15) is similar to results reported earlier. In the lower layers, the maximum field found in the umbral core of the analyzed sunspot is around 2800 G (B 0 ). In the penumbral boundary an average value of around 1500 G (B(r p )) is found. This gives a B(r p )/B 0 of around 0.5 for the lower layers. In higher layers, this ratio drops to around 0.3. Averaged over the range log τ 5 = 0.0 to −1.5 we obtain a ratio of 0.4 which lies somewhat below the upper limit of the values reported earlier (Lites et al. 1990; Solanki et al. 1992b; Keppens & Martínez Pillet 1996 ; see the overview by Solanki 2003) .
In our results we found a decreasing magnetic field with increasing height all over the sunspot right out to its continuum boundary. This disagrees with the recent results reported by Westendorp Plaza et al. (2001a) . They used visible Fe I lines (6301.5 Å and 6302.5 Å) observed by the Advanced Stokes Polarimeter (ASP, Elmore et al. 1992 ) for their study. They found an increasing field strength with height over the line formation height range in the outer penumbra. Martínez Pillet (2000) has argued that the application of an inversion based on a one-component model to a multi component atmosphere including horizontal flux tubes embedded in an inclined field can return such gradients, even if the field strength does not actually increase with height. Since in our case the inversions were also carried out with a single magnetic component, we should in principle also observe a similar effect. We believe, however, that the difference in the results could be due to the different sensitivity of the observed lines to the various atmospheric layers. Consider the explanation by Martínez Pillet (2000) , which is based on the uncombed penumbral model proposed by Solanki & Montavon (1993) . It involves a horizontal flux tube with a diameter of 100-200 km, located at a fixed height in the photosphere, say 150 km above τ 1.6 = 1 and embedded in a more vertical magnetic field. The emergent spectra from such a model could in fact be interpreted by inversion codes in a different way (i.e. retrieving different atmospheric stratifications) when visible lines (formed in higher layers) or infrared lines (formed in deeper layers) are inverted separately using a one component model.
In order to clarify this, we have carried out test inversions of Stokes profiles synthesized using a two component model atmosphere, in which one component describes the characteristics of the embedded flux tube and the other the background penumbral field. We introduced a flux tube of 100 km diameter at a height of 150 km above the τ 5 = 1 level, in the same way as described in Borrero et al. (2002) . Stokes profiles were then calculated for Fe I 6301.5 Å and 6302.5 Å lines in the visible and Fe I 15 648.5 Å and 15 652.8 Å lines in the infrared.
The test results are shown in Fig. 18 . The dotted and dotteddashed lines in the three top panels show the model parameters used for the synthesis. The synthetic profiles produced using this two-component model atmosphere are shown by the solid lines in the bottom panels. The dots in these plots represent the fits obtained for these lines by inverting the profiles using a single magnetic component to describe the atmosphere. The retrieved atmosphere from the single magnetic component inversion is shown by the solid and dashed lines in the top three frames. The shaded area represents the standard deviation of these parameters for inversions starting from different initial values. The dashed lines represent the atmospheric parameters retrieved from the inversion of 6302.5 Å and 6301.5 Å lines whereas the solid lines represents the same for 15 648.5 Å and 15 652.8 Å spectral lines. As expected, the inversion of the visible lines returns an increasing field strength with height, while the IR lines retrieve a decreasing field strength with height. In the case of field inclination (γ) the visible lines retrieve a decreasing inclination with height whereas the IR lines returns γ increasing with height. In a similar study by Bellot Rubio et al. (2002) using the same IR lines also obtained an increasing γ with height, which strengthens our results. A similar opposite behavior is also seen in the retrieved line-of-sight velocities. The difference between our results and those obtained by Westendorp Plaza et al. (2001a) is thus well reproduced by the model of Solanki & Montavon (1993) .
Our inversion results allow us to calculate the vertical field gradient in the observed sunspot. We obtain a fairly large vertical field-strength gradient of on average −4 G km −1 in the umbra and the penumbra. Even though this is in agreement with the value reported by Collados et al. (1994 , cf. Bellot Rubio et al. 2001 for their "hot" umbra, it is found to be larger than most of the results reported earlier (e.g., Pahlke & Wiehr 1990; Balthasar & Schmidt 1993) . Thus, Westendorp Plaza et al. (2001a) found a value of −1.5 to −2 G km −1 for the vertical field gradient in the umbra. We must stress that in the penumbra, the large gradient is limited to deeper layers, not well sampled by the lines in the visible. Note that the large gradients may be an artefact of an inversion based on a model with just a single magnetic component.
In the B z map we found clear signatures of "spine" structures, which are similar to the ones described by Lites et al. (1993) . These structures are locations of stronger and more vertical fields than their surroundings. We also observe a small azimuthal angle change in these structures, as described by Lites et al. (1993) . In lower layers we could follow this spine structures up to and beyond the penumbral boundary, whereas in the upper layers these structures are more diffuse.
There are a limited number of locations showing magnetic return flux. Such fields are only visible in the lowest observable layers near the outer edge of the penumbra, in good agreement with the results of 1-component inversions of Westendorp Plaza et al. (1997b) . The presence of return flux in the central penumbra, as deduced by Del Toro Iniesta et al. (2001) from an inversion with a 2-component model, could not be confirmed, but may require a more sophisticated model to detect (a theoretical case for such down-flows has been made by e.g. Schlichenmaier & Solanki 2003) .
We find that the strongest magnetic field has the most vertical orientation. The inclination steadily increases outward from the umbra, and reaches a value of around 70
• in the outer penumbra, which is consistent with earlier observations (Lites & Skumanich 1990; Solanki et al. 1992b; Lites et al. 1993; Keppens & Martínez Pillet 1996; Westendorp Plaza et al. 2001a) . Along the vertical direction the inclination increases with height, which again disagrees with the results obtained by Westendorp Plaza et al. (2001a) . They obtain a decreasing inclination with increasing height. This disagreement can be explained by the difference in formation heights of the lines as demonstrated by the test calculations described above (see Fig. 18 ). The spine structures in ζ maps is characterized by lower zenith angles. The field azimuth angle is found to vary relatively smoothly along the azimuthal direction, without showing significant twist.
Regarding the absence of a canopy (as mentioned in Sect. 4.1), it is clear that beyond the visible boundary of the penumbra one should take into account many different structures like: canopy, moving magnetic features and small-scale magnetic elements piercing the canopy, intranetwork fields and the underlying quiet sun. These can only been investigated by means of more complex models since inversions based on one component models can hardly provide a coherent physical picture. Further studies should also include many lines able to sample different photospheric layers and better spatial resolution.
In the velocity map it is clear that the Evershed flow avoids the vertical spine structures, and mostly follows the more inclined field between the spine structures. In lower layers, correlation coefficients of −0.3 and 0.7 for B -|v LOS | and ζ -|v LOS | are found for an azimuthal path at 0.8 penumbral radii, with B and ζ being correlated at the 0.6 level. In the lower layers we find that the strongest flows in the velocity map coincide with those locations in the outer penumbra, where the vertical field component changes sign, i.e. locations of return flux (ζ > 90
• ). Presumably, these represent down-flowing material. The magnetic return flux in the middle penumbra has recently been confirmed by Bellot , who also show that the Evershed flow is parallel to the magnetic field lines. Although the velocity pattern changes significantly with height, the peak values remain relatively similar. Hence the marked increase of Evershed flow with depth, deduced from lines in the visible Westendorp Plaza et al. 2001b) does not appear to extend to the lowest part of the atmosphere sampled by the IR lines.
